Abstract: High-pressure research of the crystals of organic and coordination compounds is now a well-established field. However, the studies of multicomponent crystals (hydrates, solvates, salts and co-crystals) are just emerging. The aim of this paper is to give a personal view of what makes the multicomponent organic systems peculiar for high-pressure research as compared with the monocomponent ones. Several different types of structure response to compression and reverse decompression are reviewed with examples based on research of salts, co-crystals and hydrates of amino acids. Challenges and prospects of further studies are discussed.
Introduction
High-pressure research of molecular organic compounds High-pressure diffraction research of the crystals of molecular organic and coordination compounds is now a well-established field. Examples of successful studies can be found in numerous reviews [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This research is important for many practical applications, since organic crystals are widely used, e.g. as molecular materials, pharmaceuticals, or explosives. It is important to control their crystallization, stability and structural transformations on variations of temperature or pressure. Questions to be answered are: when and why a selected compound crystallizes in a certain crystal structure; how does this structure respond to any variations of temperature and pressure; why, when and how a phase transformation occurs; when and why is this phase transition reversible; why and when the single crystals on the phase transition remain intact and are not cracked. In search for the answers to these and related questions one has to study, in particular, the characteristics and topology of various types of intermolecular interactions in the crystal structures (hydrogen bonds, stacking interactions, halogenhalogen interactions, etc.), as well as the conformational flexibility of individual molecules and molecular fragments. The balance of thermodynamic driving forces determining a certain crystal structure can shift with increasing pressure from formation of strong directional bonds to efficient filling of space. The information on the response of structures of molecular crystals is relevant also for understanding the conformational stability and dynamics of biopolymers, since the latter are hold by the same types of hydrogen bonds as the crystals of amino acids, carboxylic acids, and other organic molecules. Though the charge assisted H-bonds in amino acid crystals are stronger than those between amino acid residues in a protein, many phenomena (such as, e.g., self-trapping [12, 13] , rearrangement of 2D-and 3D-networks built of these chains [1, 2, 14] , cooperative "opening and closing" of serine-zippers [1, 2, 14, 15] ) are observed in the crystalline amino acids, as well as in proteins. The values of the compressibility of H-bonds obtained for the crystals of amino acids and for proteins are of the same order of magnitude [16] .
The response of the monocomponent crystal structures of organic compounds to increasing pressure has been studied quite extensively, so that some generalizations can be already made. In particular, phase transitions were often observed to be isosymmetric and sometimes to be accompanied by a rather small (even almost zero) volume change. At the same time, linear strain can be large, and the total small bulk compression accounts for the fact that the lattice strain is usually highly anisotropic, and the structure can expand significantly in certain directions as pressure increases. Important is that the anisotropy of lattice strain and the occurrence of the phase transitions is related to the changes in H-bond system, rotation of molecular fragments accounting for the conformational changes, rotation of molecules as a whole, ordering or disordering of molecules or their fragments. The response of a crystal structure to increasing pressure results from a complex interplay of different types of intermolecular interactions. The relative role of different types of interactions, in general, changes with pressure, so that one type of interactions accounts for structural changes at lower pressures, whereas other types come into play as pressure increases further.
Research of multi-component organic crystals
In the last decade ever more research in the field of organic solid state chemistry is dedicated to the crystals that include several chemical species -hydrates, solvates, salts and co-crystals. Many of these systems are of practical importance, for example, for pharmaceutical industry [17] [18] [19] [20] [21] [22] [23] [24] [25] , as ferroelectrics [26, 27] , non-linear optical materials [28, 29] , or as energetic materials [30, 31] . At the same time, they are of great interest for basic understanding of the factors that influence the formation of crystal structures from fluid phases under different experimental conditions and their response to variations of temperature and pressure. This is a next level in crystal engineering, since one has more different fragments to self-assemble, and one must control not only the formation of a certain polymorph, but also of a multi-component crystal vs. several separate mono-component phases. Adding second and third components, one can modify or even radically change the crystal structure and, in this way, also the physical properties of a solid in a controlled way. In particular, a structure can become more robust, or more elastic, more stable with respect to variations of temperature, pressure, humidity, more soluble or better compressible. Using pressure as a variable, one can contribute much to the understanding of "structure -properties" relations in multicomponent systems, as well as of the structure-forming factors, the mechanisms of structural transformations in molecular crystals, of the solvation -desolvation processes in relation to biology, catalysis, chemistry, pharmaceuticals.
The aim of this paper is to give a personal view of what makes the multicomponent systems peculiar for high-pressure research as compared with the monocomponent ones. Several different types of structural response to compression and reverse decompression will be reviewed, and challenges and prospects of further studies will be discussed in the following next pages. Hopefully, this short "feature note" based on the presentation of the author at the recent ECM-28 in 2013 [32] can encourage further research in this new field with better focused goals.
High-pressure research of multicomponent organic crystals
General trends
The research of the multicomponent organic crystals has started only very recently. Out of the four main directions of high-pressure research (crystallization of liquids at high pressure, high-pressure crystallization of solids that were dissolved in a liquid at ambient conditions, pressure-induced solid to solid phase transitions, and the analysis of the continuous compression of a crystal structure without a phase transition -bulk compressibility, the anisotropy of lattice strain, the distortion of hydrogen bonds and the changes in the other types of intermolecular contacts and in molecular conformations) only pressure-induced solid-state transformations, as well as the analysis of the continuous compression have been considered up to now in a comparison with pressureinduced transitions in the crystals of individual components. Crystallization of multicomponent organic systems at high pressure is an interesting and important topic that is still practically un-explored, if one does not consider formation of solvates [33] , crystallization from supercritical fluids [34] , or high-pressure homogenization of suspensions of active pharmaceutical ingredients with excipients [35] . Research in other directions has just started, but even the few results available up to now make it already possible to make some preliminary generalizations.
Adding the second component may help to stabilize a crystal structure with respect to variations in pressure by "immobilizing" selected functional groups of the first component and making the structure more robust. Alternatively, a single-component crystal structure which is very stable with respect to increasing pressure can become labile after the second component is introduced, if the intermolecular homomolecular interactions that made the initial structure robust are completely or partially substituted for heteromolecular contacts. A comparison of the relative stability of the crystal structures of single-and poly-component crystals with respect to pressure variation can thus give a clue of which supramolecular motifs account for the robustness of a selected crystal structure. This information can be used, in attempts to modify the crystal structures on purpose, in order to avoid pressure-induced phase transitions, or, on the contrary, to induce them in a desirable pressure range. Such a control is important for exploiting molecular materials which is inevitably related with multiple stressing. An interesting approach is to use the second component in order to design a crystal structure in which the molecules of the first component are juxtaposed favourably for the topochemical polymerization [36] .
In some cases, the difference in the behavior of the multi-and single-component phases is related either with the processes in the second co-former (like conformational changes), or with intermolecular changes. The latter can include, in particular, charge/proton transfer between the components leading to more polarized and higher ionic structures, switching-over of selected intermolecular hydrogen bonds, relative rotation of the molecules of different components with respect to each other. These processes may be continuous with pressure, so that no sharp transition point can be defined, or jumpwise, resulting in obvious first-order phase transitions.
In order to illustrate the statements given above, one can use as examples recent variable-pressure studies of the crystalline salts and co-crystals of selected amino acids, as well as of their hydrates.
Structure destabilization by the second component
Glycine is the simplest amino acid with no side chain, and its zwitterions are held together in the crystalline state by the NH … O hydrogen bonds between the terminal amino-and carboxy-groups. Depending on the way how the zwitterions are connected to give one of the three polymorphs known at ambient conditions (α-glycine [37, 38] ), β-glycine [39] , γ-glycine [40] ), on increasing pressure the crystal structure can undergo a reversible phase transition not destroying the single crystal already at a low pressure (β-polymorph, 0.76 GPa [41] [42] [43] ), a reconstructive phase transition from a single crystal to powder at a higher pressure (γ-polymorph, 3.5 GPa [44] [45] [46] ), or remains incredibly robust (α-polymorph, at least up to 23 GPa [47] ). It was assumed that the remarkable stability of the α-polymorph is provided by the centrosymmetric double layers linked by NH … O hydrogen bonds. So, if this motif is destroyed by introducing a second component, one can expect that the new crystal structure will be less stable with respect to pressure than α-glycine. In fact, phase transitions have been reported for the two multi-component crystals containing glycine which have been studied up to now: bis-glycinium oxalate undergoes two phase transitions at 1.7 and at 5 GPa [48, 49] , and a co-crystal of glycine with glutaric acidalready at pressure below 0.1 GPa, what is a much lower transition pressure than was up to now observed for any of the individual amino acids [50] . The details of the structural changes in the phase transitions in bis-glycinium oxalate remain unknown, since the structures of the high-pressure phases were not solved. It was supposed, however, based on the IR-spectroscopy data, that the whole hydrogen-bond network is radically rearranged, so that some NH … O hydrogen bonds are broken, while other, weaker, NH … O hydrogen bonds are formed, and two non-identical glycine molecules per unit cell occur. At 5 GPa another reorganization of NH … O hydrogen bonds takes place [48, 49] .
The phase transition in the glycine -glutaric acid co-crystal is related to the change of conformation of every second glutaric acid molecule in the structure. The topology of the hydrogen-bonded motifs remains almost the same and hydrogen bonds do not switch to other atoms, although the hydrogen bond lengths do change and some of the bonds become non-equivalent [50, 51] . Interestingly, also in a monocomponent crystal increasing pressure can result in the systematic conformational changes of every second or every third molecule, to give ordered high-pressure phases with z 0 > 1, so that from the crystallographic point of view the high-pressure phase can be considered as "multicomponent". As a recent example one can mention a pressure-induced phase transition of α-chlorpropamide in saturated ethanol solution [52] . Opposite examples are also known: the crystals that have high Z 0 values at ambient pressure and are in this respect also "crystallographically multi-component", can reduce the Z 0 values as pressure increases [53] .
Recently, high-pressure behavior was studied also for another multi-component crystal based on glycine, namely, for glycine lithium sulfate [54] . Raman studies and DFT calculations suggested the formation of an intramolecular hydrogen bond at higher pressures. Subsequent to a structural transformation to a new highpressure phase at 9 GPa, the observed spectral changes in the Raman spectra above 14 GPa indicated possible conformational change of glycine from zwitterionic to neutral form. At pressures above 18 GPa, the characteristic features in the Raman spectra and the X-ray diffraction patterns suggested transformation to a hydrogenbond-assisted polymeric phase with intermediate range order [54] .
Another example of making a structure more prone to a high-pressure phase transformation by adding a second co-former, and in this way breaking homomolecular synthones and changing the whole crystal structure radically, is provided by an oxalic salt of DL-alaninium, namely by DL-alaninium semi-oxalate monohydrate [55] . DL-alanine itself does not show any phase transitions with increasing pressure [56] . The molecules are linked via the NH … O hydrogen bonds in a three-dimensional framework [57, 58] , the CH 3 À side chains do not form any hydrogen bonds, similarly to the structure of L-alanine [59] [60] [61] [62] , and their rotation does not result in any phase transitions either in L- [63] [64] [65] , or in DL-alanine [56] . In contrast to that, DL-alaninium semi-oxalate monohydrate, in which this homomolecular framework is broken, undergoes a single-crystal to single-crystal phase transition at a pressure between 1.5 and 2.4 GPa [55] . Selected hydrogen bonds involving alaninium cations and crystal water molecules switch over and become bifurcated, whereas the others are compressed continuously. The transition is accompanied by pronounced discontinuities in the cell parameters and volume versus pressure, although no radical changes in the molecular packing are induced. Remarkably, the rigid homomolecular chain motifs of alaninum cations and of oxalate anions are preserved with increasing pressure, and no proton transfer is observed [55] .
Structure stabilization by the second component
Opposite examples when pressure-induced phase transitions are observed for the crystals of pure amino acids, but not for their salts, can be provided by cysteinium oxalates. In the crystals of L-and DL-cysteine, the side chains -CH 2 SH can form weak hydrogen bonds either with the side chains of the neighbouring molecules (SH … S) or with the terminal carboxy-groups (SH … O) [66] [67] [68] [69] . The crystals of the orthorhombic polymorph of L-cysteine show several phase transitions at pressures between 1 GPa and at 3.9 GPa, and these transitions are related to the rotation of the side chains and the formation of new types of hydrogen bonds [70, 71] . Monoclinic polymorph of L-cysteine also undergoes a series of phase transitions with increasing pressure which are related with switching over of the hydrogen bonds within the -SH … SH … O-structural motifs [71] . The crystal structure of DL-cysteine is even less stable with respect to increasing pressure and transforms to another polymorph at about 0.1 GPa (an unusually low pressure for a crystalline amino acid) [72] .
It was then supposed that cysteine-containing crystal structures can be stabilized with respect to phase transitions by measures that reduce the mobility of the side chain in the crystalline environment. This could be achieved by increasing the significance of the side chain -SH group as a participant in intermolecular hydrogen bonds, either by N-acetylation, which removes the strong -NH þ 3 donor of cysteine and leaves a system without strong charge-assisted interactions, or by co-crystallization with an acid (oxalic acid) that converts the aminoacid to a cation and itself forms a strong anion H-bond acceptor, thus boosting the importance of potential -SH donors. The crystal structures of the three compounds Nacetyl-L-cysteine, DL-cysteinium semioxalate, and bis-(DL-cysteinium) oxalate have thus been studied with variation of temperature and pressure. Increasing pressure at least up to 9.5 GPa did not result in any structural phase transitions in N-acetyl-L-cysteine and bis-(DL-cysteinium) oxalate. In case of DL-cysteinium semioxalate, increasing pressure caused a phase transition at a much higher pressure (6 GPa), compared to the ranges of pressure-induced phase transitions observed earlier for both monoclinic and orthorhombic L-cysteine (2.5-3.9 GPa and 1.1-2.5 GPa, respectively) or DL-cysteine (0.1-5 GPa). This phase transition had a large hysteresis, so that the reverse transformation on decompression was observed at 3.7 GPa only, and was accompanied by a change in molecular conformations, as well as by the reorganization in the N-H … O hydrogen bonds in the crystal structure [73] .
A change in the transformation mechanism in the presence of the second component in a similar pressure range It is also possible that a structural phase transition in a multi-component crystal (a salt, a hydrate, or a salt hydrate) is observed in the same pressure range as for the crystals of the primary basic component, but the structural mechanism changes. Such an example is provided by a comparison of the effect of pressure on L-and DLserine [15, [74] [75] [76] [77] [78] [79] , L-serine monohydrate [80, 81] , and on bis-DL-serinium oxalate dihydrate [82] .
L-serine has a framework crystal structure [83, 84] similar to those of L-alanine [58] [59] [60] [61] [62] , DL-alanine [57, 58] , or the orthorhombic polymorph of L-cysteine [66, 67] , and its side chain, CH 2 OH, is involved in the formation of intermolecular OH … O hydrogen bonds which are stronger than the SH … O or SH… S bonds. At ambient pressure, OH … O hydrogen bonds are formed between the -CH 2 OH groups of the neighbouring chains of molecules. As pressure increases, a cooperative rotation of the side chains results in a structural phase transition at about 5 GPa, so that new OH … O hydrogen bonds between the side chains and the terminal carboxy-groups are formed [15, 77] . As pressure increases further, the side chains rotate at about 8 GPa once again to form a new phase with additional bifurcated hydrogen bonds [15, 78, 79] . The two reversible phase transitions preserve the single crystals intact, and the interface propagates rapidly through the crystal along one of the crystallographic directions. This is possible since the main structure is hold by highly elastic NH … O hydrogen bonds between the terminal amino-and carboxy-groups, which are preserved, while the side chains rotate. The layered structure of DL-serine in which the -CH 2 OH side chains form OH … O bonds to the carboxy-groups already at ambient pressure [57, 58] does not undergo any structural phase transitions with increasing pressure at least up to 8.6 GPa [75, 76] , though non-monotonic distortion of selected hydrogen bonds in the pressure range below 1-2 GPa, a change in the compression mechanism at 2-3 GPa, and the evidence of formation of bifurcated NH … O hydrogen bonds at 3-4 GPa were reported [85] .
The crystal structure of L-serine monohydrate (Lserine monohydrate-I) at ambient pressure contains Hbonded layers of zwitterionic serine molecules linked by H-bonds to water molecules [86] . The water molecules act as donors to oxygen atoms on carboxylate and alcohol groups in separate layers. This phase remains stable from ambient pressure to 4.5 GPa; the most prominent structural change in this range is a reduction in the interlayer distance. On increasing the pressure to 5.2 GPa the structure transforms to a high-pressure polymorph, termed L-serine monohydrate-II. During the transition the serine interlayer distances reduce further and the water molecules rotate so that both donor interactions are made to the same serine layer. The serine ammonium group adopts an eclipsed conformation, reconfiguring the H-bonding within the serine layers. The disruption of H-bonding as water is pushed into the serine layers suggests that a similar process may occur as a first step in the pressure-denaturation of proteins. Though the water molecules become coordinatively saturated with respect to H-bonding, and interlayer serine-serine Coulombic interactions are strengthened, model calculations suggested that overall the intermolecular interactions are weaker in phase-II than phase-I. According to the authors of the work, the lattice enthalpy becomes more negative through the transition as a result of the smaller PV term applying to the more efficiently packed phase-II structure [80] .
Another multi-component crystal containing serine, namely bis-DL-serinium oxalate dihydrate, with a threedimensional network of hydrogen bonds linking oxalate anions, serinium cations and water molecules, shows a reversible phase transition also at about 4-5 GPa, resulting in the formation of multiple disordered domains because of the reorientation of molecules and molecular fragments, which are no longer hold together as robustly as homomolecular H-bonds hold molecules in L-or DLserine [82] .
Charge (proton) transfer between the components
Pressure is well-known to influence the proton transfer between the molecules in mono-component molecular crystals. Both the symmetrization and, oppositely, an increase of ionicity of the hydrogen bonds (OH … O or NH … N) has been reported in the literature [10, 21, 22, [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] . An increase in the ionicity of the intermolecular NH … O bonds between the terminal amino-and carboxygroups with increasing pressure has been reported for L-alanine [63, 64] . A bright example of a complete intermolecular hydrogen transfer, to give a salt starting from a molecular hydrate was reported for oxalic acid dihydrate [93, 94] . Interestingly, this transfer takes place only if α-polymorph is compressed, but was not observed for the β-polymorph [94] . However, for a co-crystal of glutaric acid with glycine such a transfer, though could be expected, was not observed -since a conformational polymorphic transition takes place at a much lower pressure than would be required for such a transfer [50] . As other examples of the systems for which the interplay between the structural transformations and solid-state acid-base (proton transfer) reactions at high pressure has been studied in relation to the paraelectric and ferroelectric properties, one can mention the co-crystals of phenazine with chloranilic, bromanilic, and fluoranilic acids [26] , or of co-crystals of anilic acids and 2,3-Di(2-pyridinyl)pyrazine [27] , where hydrogen bonds are polarized and neutral molecules are converted into ionized species on cooling down, or on increasing pressure.
Some prospects
Salts, solvates, co-crystals are promising systems for high-pressure research. As one can see from the examples discussed above, the variety of phenomena that has been observed already for a very limited number of systems is enormous. In order not to get lost in the ocean of facts that will only increase as more systems are studied, one could lead research in the following main-stream directions: -Use series of co-crystals with the same primary component and variable co-formers, to follow the main trends of the response of these structures to increas-ing pressure. This approach can be, in particular, useful for polymorph screening of drugs and for predicting the mechanical robustness of non-linear optical molecular materials, as well as for finding ways to stabilize a crystal structure by properly chosen coformer; -Explore the phase diagrams in multi-component systems, to understand under which conditions a multiphase crystal is formed at high pressure, and when it decomposes into the separate phases of the components. This research would be important for crystal engineering, in particular, for crystal engineering of co-crystals, and for understanding the mechanisms of the non-thermal synthesis of multi-component systems, including pharmaceutical co-crystals with and without any fluid phases added to the system [100-102]; -One can specially consider "multiple z 0 -crystals" with chemically identical but symmetrically nonequivalent molecules in a unit cell as a particular case of multi-component crystals, and follow the evolution of the z 0 numbers with increasing pressure and on decompression; -Solvates, and, in particular, hydrates as a class definitely deserve most detailed studies at non-ambient pressures. These are the most important pharmaceutical co-crystals, and any trends detected may be helpful both in screening new drug forms and in controlling the transformations in the course of various technological operations, such as milling or tabletting. Solvation -desolvation on compression and decompression is a promising topic that awaits a systematic research. The first examples of studies in this direction show already that high-pressure seems to favour the formation of solvates [63, [103] [104] [105] [106] [107] [108] [109] , even of those compounds that were never obtained as solvates at ambient pressure, for example of L-alanine [63] . Very high degrees of hydration were reported for the high-pressure phases of some molecular compounds, such as GABA [107] , or 1,4-diazabicyclo[2.2.2]octane hydroiodine [108] . Depending on the pressure range, hydrates can be formed from anhydrous compounds, or, on the contrary, decompose to give anhydrates. As an example, one can refer to a recent study of the effect of pressure on "thiourea -water" system. Above 0.60 GPa thiourea crystallizes as monohydrate (NH 2 ) 2 CS $ H 2 O, while only anhydrous thiourea is obtained from aqueous solution at normal conditions. At 0.7 GPa another hydrate, 3(NH 2 ) 2 CS $ 2 H 2 O, is formed, but above 1.20 GPa anhydrous thiourea becomes stable again [110] . The formation of hydrates/solvates seems to be kinetically controlled, i.e. strongly dependent on the exact procedure of compression -decompression, and only on the value of pressure and temperature eventually reached [5, 63, 104, 105] . For example, Lalanine in a MeOH-EtOH mixture forms no solvates if compressed rapidly to a pressure value above 6 GPa and preserved at this pressure. However, on decompression, a solvate is formed and continues growing as pressure falls down further, and decomposes again to give L-alanine already at a very low pressure value [63] . Varying the thermodynamic pressure/ temperature conditions, kinetic control (e.g. cooling rate, isothermal vs. isochoric crystallization), tuning the starting concentration of the solution, etc. can lead to different mixed crystals or solvates of various components ratio. Surprisingly, sometimes at the same conditions different multicomponent crystals are formed. Thus, the authors of [111] have observed a concomitant crystallization of non-solvated 1,4-diazabicyclo[2.2.2]octane hydroiodide (a two-component crystal) and the diazonium diaiodide co-crystal with methanol (a three-component crystal) from the same batch under the same conditions. Understanding the mechanisms of the pressure-induced solvation -desolvation processes is relevant for the solid drug forms research [104-107, 109, 110, 112] , as well as for the studies of the conformational transitions and denaturation of proteins in solution at ambient and increased pressures [113] . A special field is research of the solvation/desolvation of MOFs at high pressure [114] [115] [116] [117] [118] [119] , since it is directly related to the functioning of these materials in real catalytic reactions. Interaction with the pressure-transmitting fluid as the second component (which can either enter the MOF framework or leave it, depending on the pressure range) is interrelated with the reversible phase transitions induced by pressure in these systems, which often preserve the single crystals intact, though modify significantly many physical properties, e.g. the photoluminescence emission.
